ABSTRACT
and mean diffusivity have been shown to be impaired in children with localization-related epilepsy, also known as partial or focal epilepsy, including FLE and temporal lobe epilepsy (TLE). [5] [6] [7] [8] [9] These changes were identified not only in the WM ipsilateral to seizure focus but also contralateral to the seizure focus. Given that there was bilateral structural abnormality in children with localization-related epilepsy, we postulated that there would be extensive impairment in structural connectivity despite the apparent focality of the seizure disorders. A recent study in children with FLE 10 found that structural path length and clustering coefficient assessed by using DTI were normal but the functional connectivity measures assessed by using resting-state fMRI were abnormal; these findings suggest that structural connectivity may be less sensitive than functional connectivity assessment of the networks. It is not known whether the previously reported lack of changes in structural connectivity is specific to FLE and whether there are differences in structural connectivity across different types of localization-related epilepsy, because FLE involves different epileptogenic networks compared with TLE. The aims of this study were to investigate the structural wholebrain networks by using graph theoretical measures in children with localization-related epilepsy relative to healthy controls and to assess whether there was a relation between graph measures of structural connectivity, intelligence quotient (IQ), and clinical parameters. The secondary aims of this study were to determine whether there were structural network differences between subgroups with FLE and TLE and the relations of graph measures of structural connectivity with IQ and clinical parameters.
MATERIALS AND METHODS

Subjects
This study had the approval of the research ethics board of the Hospital for Sick Children. Informed consent was obtained from parents, and assent, from children for both patients and healthy controls. Children with localization-related epilepsy who were worked up for epilepsy surgery were recruited into the study. All patients had normal 3T MR imaging findings. Location of the epileptogenic zone was determined by ictal and interictal video electroencephalography, magnetoencephalography, and FDG-PET scans. The control group consisted of healthy children with no neurologic or psychiatric disorders and normal MR imaging findings. Both patients and controls underwent the Wechsler Abbreviated Scale of Intelligence to assess IQ.
MR Imaging and DTI
MR imaging was performed on a 3T scanner (Achieva; Philips Healthcare, Best, the Netherlands) by using an 8-channel phased array head coil in all subjects. The imaging in patients consisted of axial and coronal FLAIR, proton-attenuation and T2, and volumetric T1 (TR/TE ϭ 4.9/2.3 ms, section thickness ϭ 1 mm, FOV ϭ 22 cm, matrix ϭ 220 ϫ 220, scan time ϭ 6 minutes 13 seconds), and DTI (TR/TE ϭ 10,000/60 ms, section thickness ϭ 2 mm, FOV ϭ 22 cm, matrix ϭ 112 ϫ 112, NEX ϭ 1, sensitivity encoding ϭ 2, bϭ1000 s/mm 2 , 31 noncollinear directions, number of sections ϭ 70, isotropic voxel ϭ 2 mm, scan time ϭ 6 minutes 41 seconds). The imaging in controls included volumetric T1 and DTI, by using the same parameters as those for patients.
There were no significant differences in relative displacement between consecutive gradient images (P ϭ .080) and translational (P ϭ .0704) and rotational (P ϭ .2339) motion between patients and controls.
Data Preprocessing
The DTI data were preprocessed by using fMRI of the Brain Software Library tools (Version 5.0, http://www.fmrib.ox.ac.uk/fsl). The raw diffusion tensor images were corrected for head motion and eddy current distortion. 11 To achieve this, we aligned all 31 diffusion-weighted images to the first B0 scan by using affine registration. The set of gradient vectors of each subject was then adjusted according to the affine transformation of the individual images.
Tractography
Tractography was initiated from seeds on the boundary of the gray-white matter interface. 4, 12 The FMRIB Automated Segmentation Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fast) 13 was used to segment the individual skull-stripped structural T1 images into gray and white matter. The deep gray matter was manually removed from the whole-brain boundary mask. The seed voxels in the gray-white matter boundary were then transformed into each subject's native DTI space by using nonlinear coregistration. The Camino toolbox 14 (www.camino.org.uk) was then used to perform probabilistic tractography in the native DTI space. A Bayesian approach 15 was used to initiate the fiber tracking from the gray-white matter boundary of the whole brain. This approach models the uncertainty in WM tractography by computing the likelihood of the fiber orientation by drawing a principal direction from a posterior distribution once per iteration for each seed voxel. The number of iterations at each seed voxel was set to 1000.
Network Construction
The automated anatomic labeling (AAL) template was used to define 82 cortical regions 16 in each subject. 17 The AAL ROIs were transformed to the native DTI space of each subject by using the following steps: First, both unweighted B0 and structural T1 images were skull-stripped, and nonlinear co-registration was preformed between the T1 and B0 image by using the 3DSlicer (http://www.slicer.org/). 18 Next, the Montreal Neurological Institute 152 brain template was nonlinearly registered to each individual's structural T1 image by using the Advanced Normalization Tools software package (http://stnava.github.io/ANTs/). The transformations from these 2 steps were then concatenated and used to resample the AAL atlas in the Montreal Neurological Institute space into each subject's native DTI space. Subsequently, the DTI of each subject was parcellated into 82 cortical ROIs. Each AAL ROI represented a node in the graph representation of the structural network. To construct the structural network, we extracted fiber bundles connecting each pair of AAL ROIs from the entire set of whole-brain tracts. A connectivity probability P ij from a seed region i with n number of voxels to another region j was calculated by dividing the number of fibers passing through region j by 1000 ϫ n. 17, 19 Next, a weighted undirected 82 ϫ 82 connectivity matrix was constructed for each subject.
Graph Theoretical Analysis
The Matlab-based Brain Connectivity Toolbox (http://www. brain-connectivity-toolbox.net/) 20 was used to perform graph theoretical network analysis to investigate potential differences in brain structural network parameters between patients with epilepsy and healthy controls. The metrics assessed included network strength, clustering coefficient, characteristic path length, global efficiency, small-world parameter, and nodal efficiency (On-line Appendix). The network strength is defined as the average of the strengths over all nodes in the graph. The clustering coefficient reflects functional segregation of brain networks, which is a measure of the propensity of the brain to execute specialized processes within interconnected groups of brain regions or clusters. 20 A high clustering coefficient indicates that the neighbors of a node are directly connected to each other. 21 The characteristic path length is the most commonly used measure of functional integration and quantifies the ability of the network to propagate information in parallel. 20 Global efficiency reflects how efficiently information can be exchanged over the whole network, with larger global efficiency indicating a more efficient network. Small-world networks are defined as networks that have a characteristic path length similar to that of random networks but are significantly more clustered than random networks. 21 Scalar measure of small-world property () Ͼ1 indicates that the network has a small-world property. The nodal efficiency quantifies the importance of the nodes for communication within the network. The nodes with high nodal efficiencies can be categorized as hubs in a network.
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Network-Based Statistic
A network-based statistic (NBS) 23 was used to identify clusters of nodes and edges (subnetworks) in a connectivity matrix, which were differentially connected between patients and controls. First, significant nonzero connections within each group that were common across all subjects were detected, and then NBS (http:// www.nitrc.org/projects/nbs/) was applied to those connections. A set of superthreshold links (ie, edges) was defined by applying a primary threshold (P ϭ .01) to the test statistics (2-sample, 1-tailed t test) computed for each link. Any connected components and their number of links (ie, component size) were then selected among the superthreshold links. Finally, a nonparametric permutation test (10,000 permutations) and a secondary threshold of P ϭ .05 were used to choose the significant components. [24] [25] [26] This method effectively controls for false-positives due to multiple comparisons.
Statistical Analysis
Comparison of Network Characteristics. Differences in network characteristics (network strength, clustering coefficient, characteristic path length, global efficiency, small-world parameters, and nodal efficiency) between patients with epilepsy and controls were assessed by using 2-sample t tests. Subsequently, subgroup analyses comparing network characteristics of FLE, TLE, and controls were performed by using 2-sample t tests.
Correlation of Clinical Parameters with Network Characteristics. Partial correlation analyses were performed to assess the relation among network characteristics, IQ, and clinical parameters (age at seizure onset and duration of epilepsy), controlling for age and sex, in all patients with epilepsy and the subgroups with FLE and TLE.
RESULTS
Subjects
Forty-five children with nonlesional localization-related epilepsy and 28 healthy controls were recruited. The mean age of patients (13.6 Ϯ 3.0 years; range, 7.0 -19.1) was not significantly different from the mean age of controls (13.8 Ϯ 3.1 years; range, 7.0 -18.8 years) (P ϭ .856) ( Table 1 ). The mean age of seizure onset was 8.4 Ϯ 3.9 years, the mean duration of epilepsy was 5.1 Ϯ 3.2 years, and the mean number of antiepileptic medications was 2.0 Ϯ 0.7. The mean IQ of patients (97.0 Ϯ 11.9) was significantly lower than that of controls (112.8 Ϯ 10.8) (P Ͻ .001). Twenty-five patients had FLE, 17 with left FLE and 8 with right FLE. Sixteen patients had TLE, 12 with left TLE and 4 with right TLE. Two patients had right hemisphere, 1 had right parietal, and another had right parieto-occipital seizure onset. There were no significant differences in age, age at seizure onset, duration of epilepsy, number of antiepileptic medications, and IQ of patients with FLE versus TLE (all, P Ͼ .05).
Alterations in Global Properties of Structural Networks
All Epilepsy versus Controls. The network parameters are shown in Table 2 . The network strength was significantly decreased in patients (P ϭ .0002), but there was no significant change in the clustering coefficient (P ϭ .8034) of patients relative to controls. The characteristic path length was significantly increased (P Ͻ .0001), and the global efficiency was significantly decreased (P ϭ .0003) in patients relative to controls. Patients and controls demonstrated small-world organization of the WM networks ( Ͼ 1). The small-world property () was greater (P ϭ .0353) in patients than in controls.
FLE versus Controls. The network strength was significantly decreased in patients with FLE (P ϭ .0001), but there was no significant difference in the clustering coefficient (P ϭ .8034) of patients with FLE relative to controls. The characteristic path length was significantly increased (P Ͻ .0001), and the global efficiency was significantly decreased (P Ͻ .0001) in patients with FLE. Pa- tients with FLE demonstrated small-world organization of the WM networks ( Ͼ 1). There was no significant difference in small-world property (P ϭ .1335) in patients with FLE relative to controls.
TLE versus Controls.
There was a trend toward reduced network strength (P ϭ .0641) and no significant difference in clustering coefficient (P ϭ .6662) of patients with TLE relative to controls. The characteristic path length was significantly increased (P ϭ .0142), and there was a trend toward reduced global efficiency (P ϭ .0613) in patients with TLE relative to controls. Patients with TLE demonstrated small-world organization of the WM networks ( Ͼ 1). There was no significant difference in small-world property (P ϭ .0992) in patients with TLE relative to controls.
FLE versus TLE. The network strength was significantly decreased (P ϭ .0399), and there was a trend toward reduced global efficiency (P ϭ .0596) in patients with FLE relative to those with TLE. There was no significant difference in clustering coefficient (P ϭ .2216), characteristic path length (P ϭ .1208), and small-world property (P ϭ .8250) of patients with FLE relative to those with TLE.
Alterations in Regional Properties of Structural Networks
All Epilepsy versus Controls. Thirty-three regions showed reduced nodal efficiency (P Ͻ .05) in patients with epilepsy compared with controls, in the frontal, temporal, and occipital lobes (Fig 1 and On-line Table 1 ). The right anterior cingulate, right and left amygdalae, hippocampi, parahippocampal gyri, and superior temporal gyri showed a more statistically reliable reduction (P Ͻ .001) in nodal efficiency.
FLE versus Controls. Fifty-one regions showed reduced nodal efficiency (P Ͻ .05) in patients with FLE compared with controls, in the frontal, temporal, and occipital lobes. The right and left parahippocampal gyri, amygdalae, fusiform and superior temporal gyri, and right middle temporal gyrus showed a more statistically reliable reduction (P Ͻ .001) in nodal efficiency.
TLE versus Controls.
Fourteen regions showed reduced nodal efficiency (P Ͻ .05) in patients with TLE compared with controls, in the frontal, temporal, and occipital lobes. The right and left amygdalae and right superior temporal gyrus showed a more statistically reliable reduction (P Ͻ .001) in nodal efficiency.
FLE versus TLE.
Sixteen regions showed reduced nodal efficiency (P Ͻ .05) in patients with FLE relative to those with TLE, in the frontal, temporal, and occipital lobes. None of these regions showed a more statistically reliable reduction (P Ͻ .001) in nodal efficiency.
Network-Based Statistic
All Epilepsy versus Controls. Sixty-one connections demonstrated reduced connectivity (P Ͻ .05, corrected) in patients relative to controls, involving the frontal-temporal, insula-temporal, temporal-temporal, frontal-occipital, and temporal-occipital lobes (Fig 2 and On-line Table 2 ). None of the connections showed increased connectivity in patients relative to controls.
FLE versus Controls.
Twenty connections demonstrated reduced connectivity (P Ͻ .05, corrected) in patients with FLE relative to controls, involving the frontal-temporal, insula-temporal, temporal-temporal, temporal-occipital, and occipital-occipital lobes. 
FIG 1.
Reduced nodal efficiency in localization-related epilepsy (A), frontal lobe epilepsy (B), and temporal lobe epilepsy (C) in patients relative to controls. The disrupted nodes with reduced nodal efficiency are shown in red, and the unaffected nodes are shown in blue. The size of the nodes is related to the significance of between-group differences in nodal efficiency, with larger nodes representing more significant (lower P value) reduced nodal efficiency in patients relative to controls.
None of the connections showed increased connectivity in patients relative to controls.
TLE versus Controls.
Fifteen connections demonstrated reduced connectivity (P Ͻ .05, corrected) in patients with TLE relative to controls, involving the frontal-temporal, insula-temporal, temporal-temporal, temporal-occipital, and frontal-occipital lobes. None of the connections showed increased connectivity in patients relative to controls.
FLE versus TLE.
One hundred forty-two connections demonstrated reduced connectivity, and 26 connections showed increased connectivity (P Ͻ .05, corrected) in patients with FLE relative to those with TLE.
Correlation with IQ and Clinical Parameters
All Epilepsy. There was no significant correlation between global network properties and IQ, age at seizure onset, or duration of epilepsy (all, P Ͼ .05) in patients.
FLE. There was no significant correlation between global network properties and IQ, age at seizure onset, or duration of epilepsy (all, P Ͼ .05) in patients with FLE.
TLE. There was no significant correlation between global network properties and IQ, age at seizure onset, or duration of epilepsy (all, P Ͼ .05) in patients with TLE.
DISCUSSION
The findings of this study add to the literature by demonstrating impaired structural connectivity affecting global and regional networks and subnetworks in children with localization-related epilepsy, and the impairment in structural connectivity was extensive despite the apparent focality of the seizure disorders. To our knowledge, this is the first study that has compared the structural connectivity in FLE and TLE subgroups, and we found differences between the 2 subgroups, with more regions of reduced nodal efficiency and reduced subnetworks in FLE than in TLE. There was no significant correlation between network characteristics with IQ, age at seizure onset, or duration of epilepsy in patients. Impairment in global functional integration, as indicated by elevated characteristic path length and decreased global efficiency, suggests that altered architecture of structural brain networks may negatively impact the ability of the brain to rapidly combine specialized information from distributed brain regions coupled with reduced efficiency of the WM networks in children with localization-related epilepsy. This reduction in integration was identified in both FLE and TLE subgroups, suggesting that impaired global functional integration is not specific to subtypes of epilepsy. There was no significant difference in the clustering coefficient between patients with epilepsy and controls, indicating that the extent of local interconnectivity in the network was preserved in the former group. 21 Vaessen et al 27 also found increased path length and decreased clustering coefficient in adult patients with epilepsy with cognitive impairment relative to controls but not in those without cognitive impairment. In a subsequent study, the same authors 10 showed that there were no significant differences in clustering coefficients, path length, and modularity of the WM connectivity in children with FLE relative to controls. Differences in findings could be related to different populations of FLE, with our patient population having a wider age range and possibly more severe epilepsy relative to the patients in the study by Vaessen et al. 10 Disruption in the global structural network has also been identified in childhood absence epilepsy 28 and adults with TLE. 29, 30 Patients with localization-related epilepsy showed reduced regional efficiency affecting multiple regions in the frontal, temporal, and occipital lobes. Liu et al 30 also found that adult patients with left mesial TLE have significantly reduced regional efficiency in multiple regions in the temporal, frontal, and parietal lobes. We have found more regions of reduced nodal efficiency in the FLE than in the TLE subgroup, which may be due to the rapid spread of seizure activity as a result of the extensive network of connections of the frontal lobe and more frequent seizures in FLE [31] [32] [33] or, alternatively, an inherently more extensive abnormal regional efficiency from an underlying etiology that predispose to FLE. The more extensive impaired regional networks may be associated with poorer seizure-free surgical outcome in patients with FLE relative to those with TLE. 33 In this study, we found that children with localization-related epilepsy have extensive reduction in connectivity affecting the frontal-temporal, insula-temporal, temporal-temporal, frontaloccipital, and temporal-occipital lobes, indicating that multiple subnetworks are perturbed, despite the apparent focality of the seizure disorders. The WM tracts affected would include association fibers such as the cingulum, uncinate fasciculus, superior and inferior longitudinal fasciculus, and arcuate fasciculus, as well as the commissural fibers such as the corpus callosum, anterior commissure, and hippocampal commissure. There were more subnetworks expressing reduced structural connectivity in FLE than in TLE, probably related to the rapid spread of seizure activity and more frequent seizures in FLE. [31] [32] [33] In both subgroups, the reduced structural connectivity predominantly involved the mesial temporal and frontal basal structures compared with controls. The spread of seizures from the frontal to temporal lobes in FLE and from the temporal to frontal lobes in TLE may have contributed to reduce structural connectivity between the frontal and temporal lobes. There were more abnormal subnetworks involving the temporal than frontal lobes in those with FLE and also more abnormal subnetworks in the temporal lobes in those with FLE than in those with TLE. Although the reason for this finding is not entirely clear, reorganization of the subnetworks, due to either the spread of seizures or pre-existing abnormal subnetworks that facilitate the spread of seizures to the temporal lobes, compounded by more frequent seizures in FLE, may have contributed to the observation. Adult patients with TLE have also shown reduced structural connectivity between the temporal and frontal cortices, including the orbitofrontal cortex. 29, 30 The WM tracts connecting the frontal lobe to the temporal and occipital lobes have demonstrated smaller volumes in children with FLE compared with controls, 34 indicating impaired structural connections between the frontal and temporal and occipital lobes. Vaessen et al 4 found that the clustering coefficient was significantly positively correlated with IQ, and path length was negatively correlated with IQ in adults with cryptogenic localizationrelated epilepsy. In that study, 4 the patients had a broader range of IQ scores including those who are nonimpaired (mean IQ of 97) and those who are impaired (mean IQ of 85). In a subsequent study, 10 the same authors did not find an association between the clustering coefficient and path length measures of structural or functional connectivity with a computerized visual searching task in children with FLE. Liu et al 30 did not find any association among characteristic path length, global efficiency, and local efficiency with neurocognitive function including IQ, auditory verbal learning, and visual memory, as well as with age at seizure onset and duration of epilepsy in adults with left mesial TLE. We did not find any associations between graph network measures and IQ scores. It is possible that with the narrower range of IQs in our study population, we were not able to identify a correlation between graph measures and IQ. Alternatively, the disrupted global structural network may be associated with more complex cognitive processing beyond IQ or a computerized visual searching task.
There are several limitations in this study. We have used an AAL template to define the ROIs, which was developed from a single adult brain. Therefore, it is possible that the ROI positioning may be less precise in children due to differences in head size. The AAL template has been used in children with absence epilepsy, 28 and similar finding of a disrupted global structural network was found. We have categorized the patients to the 2 main subgroups of FLE or TLE. Some heterogeneity in the epileptogenic zone was present within each subgroup, with the TLE subgroup comprising mesial and lateral TLE and the FLE subgroup comprising the epileptogenic zone in the motor or supplementary motor cortex, focal within a specific gyrus or more diffuse involvement within the frontal lobe. Due to the small sample size within each specific epileptogenic zone, we have opted to combine the patients into 2 main subgroups. Despite the heterogeneity in the subgroups, we have found differences in regional efficiency and subnetworks between FLE and TLE. Future study evaluating networks of individual patients may help clarify the differences between epileptogenic zones.
CONCLUSIONS
We found disruption in global structural networks, reduced regional efficiency in multiple lobes, and extensive reduction in subnetwork connectivity in children with localization-related epilepsy, indicating widespread disruption in structural connectivity despite the apparent focality of the seizure disorders. This disruption in structural connectivity may have been responsible for the development and propagation of seizures or may be a secondary phenomenon due to recurrent seizures reorganizing the networks or alternatively due to an underlying etiology that perturbs the neural networks and also causes seizures. Those with FLE demonstrated more areas with reduced regional efficiency and more subnetworks expressing reduced structural connectivity than did those with TLE. Future study evaluating networks of individual patients may help clarify the nuances of regional networks and subnetworks for specific epileptogenic zones and the implications of these networks on surgical resection and outcomes. We did not find any associations between global network properties and IQ. Further studies of patients with a wider range of IQs and assessing more complex cognitive function are needed to evaluate the relation between measures of global network properties and cognitive function.
